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MAGNETIC  RECONNECTION  IN  LASER-PLASMA  INTERACTIONS 
IN  A  BACKGROUND  MAGNETIC  FIELD 


I.  INTRODUCTION 

By  generating  large-scale  (tens  to  hundreds  of  kilometers),  long-lived 
(several  hours)  ionization  structures  and  irregularities,  the  natural 
ionosphere  and  magnetosphere  can  be  significantly  disturbed  by  a  high 
altitude  nuclear  explosion  (HANE).  Since  these  structures  and 
irregularities  can  degrade  communication  systems  operating  in  or  through 
the  near  earth  space  plasma,  it  is  of  utmost  importance  to  possess  a 
detailed  knowledge  of  a  HANE  evolution.  Recently,  laboratory  simulations 
of  a  HANE  have  been  started1  at  the  Naval  Research  Laboratory  using  laser 
irradiation  of  small  solid  targets. 

The  manner  by  which  exploding  debris  plasma  couples  into  the 

background  air  is  an  important  feature  of  the  early  time  (first  few 

seconds)  evolution  of  a  HANE.  The  spatial  and  temporal  nature  of  the  early 

time  coupling  could  seed  the  evolution  and  structure  of  later  time 

ionization  irregularities  and  striations.  This  coupling  can  either  by 

2 

coilisional  (particle-particle),  Larmor  (magnetic),  or  collisionless 

' wave-particle)  depending  cn  the  densities  and  temperatures  of  the 

tacKgrour.c  plasma.  Collisionless  coupling  proceeds  via  plasma 

m: troturbulence  which  in  turn  results  from  various  plasma  instabilities 

ir  i  ver.  ty  the  relative  streaming  between  debris  and  air  plasma.  Turn-on 

:  :r.c  .t  i  tr.s- '  J  ft r  coiii3ionIess  coupling,  in  the  context  of  the  current  NRL 

.  iser  experiment,  have  been  derived.  An  important  parameter  in  the 
\lanuicr:ot  approved  February  T,  1936. 
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excitation  of  the  aforementioned  plasma  microinstabilities  is  the  local 
magnetic  field  in  the  debris-air  coupling  region.  If  the  magnetic  field  is 
small,  several  of  the  debris-air  coupling  instabilities  will  not  be 
excited.  As  a  result,  in  the  context  of  laser-target  interactions  and 
associated  plasma  debris  characteristics,  a  detailed  description  of  the 
early  time  magnetic  field  evolution  and  morphology  is  important.  Ref.  5 
has  summarized  and  discussed  analytical  models  of  magnetic  field  evolution 
and  structure  in  laser-plasma  interactions  both  with  and  without  an 
externally  applied  magnetic  field.  In  Ref.  6  it  was  shown  that  electron 
thermal  conduction  near  the  target  can  be  modified  due  to  the  self¬ 
generated  magnetic  fields  leading  to  preferential  debris  back-jetting  along 
the  laser  axis.  However,  since  the  self -generated  magnetic  fields  are 
known  to  be  azimuthal^  about  the  laser  axis,  it  is  possible  that  field- 
reversed  magnetic  field  regions  near  the  target  could  be  generated  in  the 
presence  of  the  externally  applied  magnetic  field  perpendicular  to  the 
laser  beam  axis  as  schematically  shown  in  Fig.  1.  Such  magnetic  field- 
reversed  configurations  could  then  undergo  reconnection  and  lead  to  a 
distortion  and  dissipation  of  the  local  background  magnetic  field  near  the 
laser-target  interaction  region. 

In  this  report  we  investigate  the  conditions  under  which  3uch  magnetic 
field-reversed  configurations  could  undergo  reconnection.  In  Section  II, 
we  discuss  the  source  of  the  self -generated  magnetic  fields  and  subsequent 
generation  of  a  field-reversed  configuration.  In  Section  III,  the 
possibility,  on  hydrodynamic  time  scales,  of  driven  or  forced  reconnection, 
between  radially  convected  self -generated  magnetic  fields  and  externally 
applied  magnetic  fields  is  discussed.  Such  reconnection  has  the  effect  of 
locally  distorting  and  dissipating  the  background  magnetic  field  topology 
near  the  field-reversed  region.  Finally,  in  Section  IV  the  results  of  this 
study  are  summarized  and  discussed.  The  implications  of  reconnecting 
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field-reversed  regions  on  plasma  Jetting  and  debris  coupling  are  also 
presented. 

II.  SELF-GENERATED  MAGNETIC  FIELDS  AND  FI ELD- REVERSED  CONFIGURATIONS 

The  evolution  of  the  magnetic  field  in  laser-plasma  interactions  is 

Q 

determined  from  Faraday’s  law  and  the  generalized  Ohm’s  law°: 


—  [E  *  V  *  B - —  J  *  B  +  —  Vp  -  —  h]  -  “  (4/n  ) 

m  L  -  -  -  no-  -  no  ro  n  -  J  t-.  v  *  oy 


where  V_  is  the  hydrodynamic  velocity,  J_  is  the  current,  E  the  electric 

field,  B  the  magnetic  field,  e  the  charge,  ne  the  electron  density,  mg  the 

electron  mass,  pe  the  pressure,  and  R  represent  momentum  sources  through 

collisions  (thermoelectric,  resistive,  and  cross-field).  The  terms  in 

brackets  in  eq.  (1)  are  the  various  current  generating  sources: 

the  V  x  B  is  the  usual  electro-motive  induction  force,  the  £  *  B  term  is 

the  Hall  effect  and  the  Vo  is  due  to  electron  pressure.  Assuming 

0 

R  -  nanJ,  where  n  is  the  resistivity,  and  inserting  Eq.  (1)  into  Faraday's 
law  we  find  that  the  evolution  of  the  magnetic  field  _3  can  be  written,  to 
lowest  order, 


3B  2  - 

3?  «  ^  V  x  B  .  v23 


VN  x  VT 
eN  e  e 
e 


Higher  order  magnetic  field  source  terms,  i.e.,  terms  like  VNo  x  7Tg  in  eq. 
(2),  have  also  been  studied.^  Radiation  pressure  effects  have  been 
neglected  in  Eq.  (2)  since  they  can  be  shown  to  be  small  for  laser  power 
densities  I  in  the  ablative  regime  (i  <  lO1^  W/cm2).  The  source”^  of  the 
magnetic  field  (last  term  in  Eq.  (2))  is  nonzero  if  VN  and  VT  are 
nonparallel  and  will  be  determined  by  the  geometrical  configuration  of  the 
laser-plasma  interaction.  A  cylindr ically  symmetric  laser  beam  will 
produce  a  olasma  which  expands  in  the  direction  normal  to  the  target  plane 


and  is  symmetric  about  its  expansion  direction.  From  symmetry 

considerations  there  can  be  no  azimuthal  density  or  temperature 

gradients.  During  the  laser  heating  of  the  target,  it  is  reasonable  to 

assume  that  the  dominant  contribution  to  the  source  term  in  Eq.  (1)  is 

derived  from  a  temperature  gradient  in  the  radial  direction  and  a  density 

gradient  in  the  direction  of  the  target  normal.  Due  to  the  finite  radial 

extent  of  the  laser  beam  a  radial  temperature  gradient  will  exist  near  the 

edge  of  the  focal  spot.  This  combination  of  VT  and  7N  will  generate  a 

magnetic  field  in  the  azimuthal  direction  in  the  form  of  a  torus.  The 

self -generated  magnetic  field  is  convected  radially  by  the  hot  expanding 

laser  plasma  as  shown  experimentally  in  Ref.  7. 

For  very  short  times  after  the  laser  pulse  has  been  terminated,  i.e., 

for  time  scales  where  the  hydrodynamics  is  not  important,  e.g.,  for 

7 

t  <  t„  -  a/C  -  several  nanoseconds  for  a  »  1  mm,  C  -10  cm/sec  where  a 
-  H  3  3 

is  a  typical  target  size  and  C3  a  typical  sound  speed  (for  aluminum 
at  t  -  100  ev),  the  hydrodynamic  response  of  the  plasma  (second  term,  in 
Eq.  (2))  can  be  neglected.  Since  the  diffusive  term  in  Eq.  (2)  can  also  be 
neglected  on  these  fast  time  scales  one  can  solve  Eq.  (2)  finding 


B0(t) 


3N  3T 

f  ^  _£ _ £  _ e 

J  pM  X* 


eN  3z  3  r 
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where  we  have  taken  the  density  gradient  to  be  purely  axial  and  the 
temperature  gradient  to  be  radial.  For  it  *  1  x  1 0"^  sec,  TQ  *  0,5  kev, 
Ljj  *  LT  *  10~j  -  10~3  cm  (L.^1  -  Ne_1  3Ng/3z,  L~'  -  t”1  3T  /3r]  we 
find  B  »  10-3  -  10  G.  The  magnitudes  of  the  self -generated  magnetic 
fields  as  given  by  Eq.  (3)  are  in  agreement  with  those  obtained  using  exact 
solutions’0  of  Eq.  (2).  For  a  constant  external  magnetic  field  on  the 
order  of  10-3  G,  approximate  magnetic  field-reversed  configurations  can  be 

1  . 


achieved  as  depicted  in  Fig. 


III.  DRIVEN  MAGNETIC  RECONNECTION 


On  hydrodynamic  time  scales  the  outward  radial  flow  of  coronal  plasma 
near  the  laser-target  interaction  region  can  convect  the  self -generated 
magnetic  field  into  the  background  magnetic  field1 1 The  possibility  of 
driven  reconnection  between  these  two  magnetic  fields  must  be  considered. 
This  model  is  illustrated  in  Figure  2.  Similar  scenarios  dealing  with  the 
interaction  between  streaming  high  S  plasma  and  stationary  low  S  plasma  in 
magnetic-field  reversed  configuration  have  also  been  discussed  *  3  with 
regard  to  both  space  and  laboratory  plasmas. 

With  reference  to  Fig.  2,  an  expanded  version  of  the  magnetic  field- 
reversal  region  in  Fig.  1  ,  the  magnetic  fields  defined  by  the  self¬ 
generated  and  external  fields  approach  each  other  with  velocity  V  in  the  x- 
direction.  In  the  vicinity  of  the  neutral  regions  where  3  •  0  (shown  in 

Fig.  2  with  approximate  planar  dimensions  AxAy)  the  magnetic  fields  will 

2  2 

diffuse  and  reconnect  (using  Eq.  (2))  on  a  time  scale  ta  -  UttWhc  where 

Lx  is  the  scale  length  of  the  magnetic  field  gradient  in  the  neutral 

region.  Since  7x3*  7B^/Ax  can  be  large  in  the  neutral  region,  large 
currents  J  -  (o/4-rr)7  *  3  in  the  z-direction  can  al3o  be  generated.  Figure 
3  gives  approximate  reconnection  times  as  a  function  of  Lx  for  several 
electron  temperatures  Te  using  classical  Soitzer  resistivity  n  -  1.15x10 
Z  In  A  T  "^(ev)  sec  with  In  A  *  24  -  In  [n'/2(cm  ^)/T  (eV)]  and  Z  the 

*  -O  -Q 

charge  state.  For  example,  for  Ta  »  100  eV  and  Lx  *  10  ~  cm,  *  10  7 
3ec. 

It  is  well  *nown  that  the  7*3  driven  currents,  if  of  sufficient 

magnitude,  can  excite  plasma  microinstabilities  which  can  increase  the 
classical  resistivities  to  such  an  extent  that  the  time  scale  for 
reconnection  is  considerably  reduced.  Several  candidate  plasma 

microinstabilities  are  (14  the  (1  )  Bur.eman  instability,  (2)  ion  acoustic, 
(3/  beam-cyclotron,  (4)  lower  hybrid  drift  instability,  (5)  modified  two 


stream,  and  vo)  icn  cyclotron  drift. 


Of  these,  the  ion  acoustic 


instability  and  lower  hybrid  drift  instability  have  received  the  most 

1  u 

attention.  For  the  ion  acoustic  instability,  one  requires  a  relative 
electron-ion  drift  vd 


V  .  >  v„ 

d  c 


1/2 


(4) 


for  0.2  <  Te/T^  <  5  where 


d  4im  e 
e 


|V  x  B | 


CAB 


4irn  eAx 
e 


(5) 


Inserting  this  expression  for  vd  into  Eq.  (4)  we  find 


Ax  £  Ax 


Be 


m 


_ r _ «_) 

c  4irn  e  ^2kaT.  J 

6  D  1 


e  W/2 


(6) 


for  excitation  cf  the  ion  acoustic  instability  where  3  »  3y.  Figure  4 
displays  Ax^  for  fixed  3  and  as  a  function  of  the  electron  density  ne. 
For  example,  for  ng  *  IQ1^  cm-^,  3  »  10^  G,  and  T4  ■  10  eV  ion  acoustic 
instability  will  be  excited  for  neutral  sheet  widths  Ax  <  IC-^  cm.  Figure 
5  shows  AX^  for  higher  fixed  magnetic  fields  3  ■  10  KG  and  *  10,100 
eV.  For  these  stronger  fields  broader  current  sheets  will  lead  to 
excitation  of  the  ion  acoustic  instability. 

Several  nonlinear  theories  of  the  ion  acoustic  instability  have  been 
proposed.  Sagdeev1^  has  reported  an  anomalous  collision  frequency 
associated  with  the  ion  acoustic  instability  of  magnitude 


v 


* 


10~2(t  /T.  ) ( v  . / v  ]u) 


(7) 


-  .  -  y  -J"  «■»  •'  ta- I  «  ■  «r  .  «  ..  »•  .  m  ■  » 

with  v,  the  electron  thermal  velocity  and  <u 

e  pe 

frequency.  Defining  an  anomalous  resistivity  by  n* 
the  effective  collision  frequency  one  finds 
instability 


the  electron  plasma 


f  Uit/cjj  )v  where  v  is 
pe 


for  the  ion-acoustic 


1*  *  1,1  x  10‘2(Te/Ti^VveKl  (8) 

Figure  6  gives  the  reconnection  time  scales  assuming  n  »  n*  as  given  by  Ea. 
(3)  as  a  function  of  Lx  the  magnetic  field  gradient  scale  length  for 
several  electron  densities  and  taking  Tg/T^  *  5  and  vd/ve  -  0.3.  For  ng  - 
1017  cm-’  and  Lx  -  10-2  cm,  tR*  ■  10-11  sec.  This  leads  to  an  approximate 
two  orders  of  magnitude  reduction  in  the  reconnection  time  compared  with 
classical  resistivity  tR  ■  10-^  sec  for  similar  scale  lengths  (see  Fig.  3)- 
In  terms  of  the  merging  rate  M  *  where  v?r  -3  the  velocity  of 

field  line  transport  in  the  diffusion  cr  neutral  region  and  is  the 

<  * 

Aifven  velocity  using  3y(®)  one  finds  M*/M  *  tR/t^ 

The  lower  hybrid  drift  (LHD)  instability  has  also  been  invoked  to 

produce  anomalous  resistivity  triggering  rapid  reconnection  in  the  earth's 

magnetotail  and  theta  pinch  implosions  '  in  laboratory  plasmas.  The  LHD 

instability  can  be  excited  with  broader  neutral  sheet  widths  or 

1  3 

smaller  7  x  3-driven  curre.nc  densities.  However,  it  has  been  shown  that 
the  LHD  instability  i3  localized  away  from  the  neutral  line  and  is 


stabilized  in 

the 

high  3  region  near 

the  neutral  line.  From  ' 

this  it  is 

inferred  that 

LHD 

driven  anomalous 

resistivity  cannot  penetra 

te  to  the 

neutral  line 

and 

,  thus,  not  be 

effective  in  enhancing 

rates  of 

reconnection. 


IV.  SUMMARY  AND  DISCUSSION 


In  this  report  we  have  shown  that,  for  laser  irradiances  I  in  the 
ablative  regime  (i  <  1014  Worn  focussed  on  small  solid  targets  magnetic 
field-reversed  configurations,  defined  by  the  laser-induced  self -generated 
magnetic  field  and  an  externally  applied  magnetic  field  perpendicular  to 
the  laser  axis,  are  possible  near  the  laser-target  interaction  region. 
Approximate  conditions  under  which  these  field-reversed  regions  may  undergo 
driven  reconnection  are  investigated  using  parameters  typical  of  the  NHL 
laser /HANE  experiment.  In  this  report  we  have  only  discussed  onset 

i  q  on 

criteria  for  fast  driven  reconnection.  Nonlinear  simulations  7'  of 
driven  reconnection  have  shown  that  (1)  magnetic  field  energy  near  the 
field-reversal  region  is  converted  to  particle  kinetic  energy,  (2) 
electrons  and  ions  are  preferentially  heated  parallel  to  the  magnetic  field 
(y-direction  in  fig.  2)  although  some  heating  also  occurs  perpendicular  to 
tne  initial  magnetic  field  (x-direction  in  Fig.  2),  and  (3)  electrons  and 
ions  are  accelerated  perpendicular  to  the  magnetic  field  (z-direction  in 
Fig.  2)  due  to  inductive  electric  fields  Sz  associated  with  reconnection. 
These  three  nonlinear  effects  can  affect  the  evolution  of  the  debris  plasma 
at  early  times  near  the  target.  In  particular,  if  the  background  magnetic 
field  is  annihilated  in  certain  regions  near  the  target  due  to  reconnection 
with  laser  self -generated  magnetic  fields,  then  the  electromagnetic 
stabilization  criterion  (which  relies  on  large  Aifven  velocities)  may  be 
mere  restrictive  in  these  regions  for  the  turn-on  of  various  streaming 
instabilities,  e.g.,  the  magnetized  ion-ion  instability.  Since  these 
effects  will  only  occur  in  field-reversed  regions  near  the  target  (see  Fig. 
’)  debris  coupling  could  be  asymmetric  in  the  plane  perpendicular  to  the 
laser  axi3  and  close  to  the  target.  In  addition,  if  electrons  and  ions  are 
heated  preferentially  in  certain  regions  near  the  target,  electron 


generated  magnetic  field,  external  magnetic  field,  and  field- 
reversed  region.  The  target  is  in  plane  of  paper  with  laser 


directed  into  plane  of  paper.  The  dimension  a  is  approximately 
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0 1 C  Y  ATTN  D.R.  CHURCHILL 

LOCKHEED  MISSILES  &  SPACE  CO.,  INC. 
3251  HANOVER  STREET 
PALO  ALTO,  CA  94304 

0 1 C Y  ATTN  MARTIN  WALT  DEPT  52-12 
0 1  C Y  ATTN  W.L.  IMHOF  DEPT  52-12 
3 1 0  Y  ATTN  RICHARD  G.  JOHNSON 
DEPT  52-12 

0 ' CY  ATTN  J.3.  CLADIS  DEPT  52-12 


INTL  TEL  1  TELEGRAPH  CORPORATION 
500  WASHINGTON  AVENUE 
NUTLSY,  NJ  D  T  '  ’  0 

01 CY  ATTN  TECHNICAL  LIBRARY 

JAYCOR 

' ‘ 3 ■ 1  TORREYANA  RCAD 
5  .0  .  30  X  35  ‘  5  -* 

SAN  DIEGO,  CA  92'  •  3 

O' C  Y  ATTN  J  .  L  .  SPERLING 

JOHNS  HOPKINS  UNIVERSITY 
APPLIED  PHYSICS  LABORATORY 
JOHNS  HOPKINS  RCAD 
„  A U  R  E L  ,  MD  2  C 3  '  C 

O’CY  ATTN  DOCUMENT  LIBRARIAN 
0  1  CY  ATTN  THOMAS  PC "SMR  A 
O’CY  ATTN  JOHN  0AS50ULAS 


MARTIN  MARIETTA  CORP 
ORLANDO  DIVISION 
P.O.  BOX  533' 

ORLANDO,  FL  32305 

01 CY  ATTN  R .  HEFFNER 

MCDONNEL  DOUGLAS  CCRPORATION 
5301  30LSA  AVENUE 
HUNTINGTON  5  SAC  H ,  CA  9  2  6  U " 

0 ' C Y  ATTN  N.  HARRIS 
0 i C Y  ATTN  J.  MCULE 
O' CY  ATTN  CEORGS  MRCC 
0 ’ CY  ATTN  W .  DL30N 
O’CY  ATTN  R.W.  HALPRIN 
O’CY  ATTN  TECHNICAL 

LI3RARY  SERVICES 


MISSION  RESEARCH  CORPORATION 

735  STATE  STREET 

SANTA  BARBARA,  CA  93101 


01  CY 

ATTN 

P.  FISCHER 

01  CY 

ATTN 

W.r.  CREVIER 

0  1  C  Y 

ATTN 

STEVEN  L.  GUTSCHE 

0  1  C  Y 

ATTN 

R.  BOGUSCH 

01  CY 

ATTN 

R.  HENDRICK 

01  CY 

ATTN 

RALPH  KILS 

01  CY 

ATTN 

DAVE  SOWLE 

0 1  CY 

ATTN 

F.  FAJEN 

0 1  C  Y 

ATTN 

M.  SCHEIBS 

0 1  CY 

ATTN 

CONRAD  L.  LONGMIR 

0 1  CY 

ATTN 

B.  WHITE 

0 1  CY 

ATTN 

R.  STACAT 

:ssion 

RESEARCH  CORP. 

1720  RANDOLPH  ROAD,  S.S. 

ALBUQUERQUE,  NM  87106 
0 1  C  Y  R.  STELLINGWERF 
01 CY  M.  ALME 
0 1 C Y  L.  WRIGHT 

MITRE  CORP 

WESTGATE  RESEARCH  PARK 

1320  DOLLY  MADISON  3LVD 

MCLEAN,  VA  22101 

01 CY  ATTN  W.  HALL 
01 CY  ATTN  Vf.  FOSTER 

PACIFIC-SIERRA  RESEARCH  COR? 

T23-*0  SANTA  MONICA  3LVD. 

LOS  ANGELES,  CA  90025 

01 CY  ATTN  E.C.  FIELD,  OR. 

PENNSYLVANIA  STATE  UNIVERSITY 

IONOSPHERE  RESEARCH  LA3 

313  ELECTRICAL  ENGINEERING  EAST 

UNIVERSITY  PARK,  PA  15802 
(NO  CLASS  TO  THIS  ADDRESS) 

O'CY  ATTN  IONOSPHERIC  RESEARCH  LA3 

-HCTOMSTRICS ,  INC. 

-  ARROW  DRI/E 

WOBURN,  MA  01801 

O'CY  ATTN  IRVING  L.  KCFSKY 


PHYSICAL  DYNAMICS,  INC. 

P.O.  BOX  10367 
OAKLAND,  CA  94610 
ATTN  A.  THOMSON 

RID  ASSOCIATES 

P.O.  BOX  9695 

MARINA  DEL  REY,  CA  90291 

01 CY  ATTN  FORREST  GILMORE 
0 1 C Y  ATTN  WILLIAM  B.  WRIGHT, 
0 1 CY  ATTN  WILLIAM  J.  KARZAS 
01 CY  ATTN  H.  ORY 
0 1 CY  ATTN  C.  MACDONALD 

RAND  CORPORATION,  THE 
15450  COHASSET  STREET 
VAN  NUYS ,  CA  91406 

0 1 C Y  ATTN  CULLEN  CRAIN 
OtCY  ATTN  ED  BED  ROZ I  AN 

RAYTHEON  CO. 

528  BOSTON  POST  ROAD 
SUDBURY,  MA  31776 

01 CY  ATTN  BARBARA  ADAMS 

RIVERSIDE  RESEARCH  INSTITUTE 
330  WEST  42nd  STREET 
NEW  YORK,  NY  10036 

0 1 C Y  ATTN  VINCE  TRAPANI 

SCIENCE  APPLICATIONS,  INC. 

1150  PROSPECT  PLAZA 
LA  JOLLA,  )A  92037 


01  CY 

ATTN 

LEWIS  M.  L I NSC N 

01  CY 

ATTN 

DANIEL  A.  HAMLIN 

01  CY 

ATTN 

E.  FRISMAN 

0  1  C  Y 

ATTN 

E.A.  STRAKSR 

O'CY 

ATTN 

CURTIS  A.  SMITH 

SCIENCE  APPLICATIONS ,  INC 
' 710  CCODRIDGS  DR. 

MCLEAN,  VA  22102 
O’CY  J.  COCKAYNE 
O'CY  E.  HYMAN 


PHYSICAL  DYNAMICS,  INC. 
P.O.  30X  3327 
3SLLE7UE,  WA  98009 

O’CY  ATTN  E.J.  FREMCUW 


25 


SRI  INTERNATIONAL 
333  RAVENSWOOD  AVENUE 
MENLO  PARK,  CA  9«025 


0 1  C  Y 

ATTN 

J.  CASPER 

01  CY 

ATTN 

DONALD  NEILSON 

0 1  C  Y 

ATTN 

ALAN  BURNS 

0 1  C  Y 

ATTN 

G.  SMITH 

01  CY 

ATTN 

R.  TSUNODA 

01  CY 

ATTN 

DAVID  A.  JOHNSON 

0 1  C  Y 

ATTN 

WALTER  G,  CHESNUT 

0 1  C  Y 

ATTN 

CHARLES  L.  RINO 

01  CY 

ATTN 

WALTER  JAYE 

01  CY 

ATTN 

J.  VICKREY 

0 1  CY 

ATTN 

RAY  L.  LEADA3R AND 

0 1  C  Y 

ATTN 

G.  CARPENTER 

01  CY 

ATTN 

G.  PRICE 

0 1  C  Y 

ATTN 

R.  LIVINGSTON 

0 1  C  Y 

ATTN 

V.  GONZALES 

01  CY 

ATTN 

D.  MCDANIEL 

TECHNOLOGY  INTERNATIONAL  CORP 
75  WIGGINS  AVENUE 
BEDFORD ,  MA  01730 

01 CY  ATTN  W.P.  BOQUIST 

TRW  DEFENSE  A  SPACE  SYS  GROUP 
ONE  SPACE  PARK 
REDONDO  BEACH,  CA  90278 
0 1 C Y  ATTN  R.  K.  PLEBUCH 
0 1 C Y  ATTN  S.  ALTSCHULER 
0 1 C Y  ATTN  D.  DEE 
0 1 C Y  ATTN  D/  STOCKWELL 
SNTF / 1575 


VISIDYNE 

SOUTH  BEDFORD  STREET 
3URLINGT0N,  MA  01803 
01 OY  ATTN  W.  REIOY 
01 CY  ATTN  J.  CARPENTER 
01 CY  ATTN  C.  HUMPHREY 

UNIVERSITY  OF  PITTSBURGH 
PITTSBURGH,  PA  152 ‘3 

Oi CY  ATTN:  N.  ZA3USKY 

DIRECTOR  OF  RESEARCH 
U.  S.  NAVAL  ACADEMY 
ANNAPOLIS,  MD  21402 
02CY 


CODE  1220 


